Mass transport events are virtually ubiquitous on the modern continental slope, and are also frequent in the stratigraphic record. They are commonly very large (volumes >10   3   km 3 , areas >10 4 km 2 , thicknesses >10 2 m ). They extensively re-mould sea-floor topography on the continental slope and rise. Turbidity currents are highly sensitive to topography, thus turbidite reservoir distribution and geometry can be significantly affected by subjacent mass transport deposits or their slide scars. Given the abundance of mass transport deposits, we should expect that many turbidite systems are so affected. In fact several well-known deepwater outcrops may represent examples of MTD-influenced sedimentation. Turbidites may be captured within slide scars and on the trailing edges of MTDs. They may also be ponded on and around mass transport deposits, in accommodation developed when the mass movement comes to rest, or subsequently due to compaction or creep. The filling of such accommodation depends on the properties of the turbidity currents, their depositional gradient, and how they interact with basin floor topography. The scale of supra-MTD accommodation is determined largely by dynamics of the initial mass flow and internal structure of the final deposit, and typically has a limited range of length scales. We discuss the implications for reservoir location, geometry and facies distribution, and subsurface identification.
Introduction
Mass-transport deposits (MTDs) are the result of gravity-induced mass failures occurring on subaqueous slopes (or, simply, submarine landsliding). They involve the downslope translation of masses of material, often of very large volumes, generally onto regions of lower gradient (e.g. Hampton & Locat, 1996; Owen et al., 2007) . They may be extremely mobile (e.g. Mohrig et al., 1998; Gee et al., 1999; Harbitz et al., 2003) , and flow over regions with gradients below 1° (Hafliadson et al., 2004) . Individual deposits range in volume from a few m 3 to greater than 5,500 km 3 , and up to 35,000 km 2 in areal extent (e.g. Jansen et al, 1987; Bugge et al, 1987; Laberg et al, 2002; Lykousis et al, 2002; Maslin and Mikkelsen, 1998; Piper et al, 1997) . Mass failures thus include the largest sedimentation events on Earth. They have been identified in both ancient and modern settings, using single channel (high-resolution) and multi-channel seismic, swath bathymetry, core and outcrop data (e.g. Goldfinger et al., 2000; McAdoo et al., 2000; Krastel et al., 2001; Lucente and Pini, 2003; Hozma, 2004) , and include deposits described variously as debris flows, slumps and slides (Moscardelli and Wood, 2007) .
They may comprise a large proportion (locally greater than 50%) of the sediments on the slopes and floors of deep water basins (Posamentier and Walker, 2006) .
By redistributing material on the sea-floor, mass failures may significantly remould the submarine landscape ( Fig. 1) . Firstly, removal of material by sliding creates submarine scars that may cover areas of thousands of square kilometers of the sea floor, bounded by relief up to hundreds of meters high in the up-slope region (e.g. Bugge et al., 1987; Goldfinger et al., 2000; Fig. 2) . Secondly, depositional topography on and around the deposit itself may amount to tens of meters (Kneller and Dykstra, 2005; Jackson and Johnson, 2009; Dykstra et al., 2011; Fig. 3) and locally up to 250 meters (Walker, 2008) , supported by the yield strength of the materials within the MTD, which can vary greatly within a single deposit. Thirdly, larger events may even move sufficient mass to generate an isostatic response in the lithosphere (McGinnis et al., 1993; Edwards, 2000; Dykstra 2005) . Lastly, the emplacement of the deposit itself fills accommodation on the slope and basin-floor. This paper concerns the first two of these.
Depositional systems on submarine slopes and basin floors are dominated by the deposits of sediment gravity flows -principally turbidites and mass transport deposits of various kinds. Since sediment gravity flows inevitably move down the gradient of gravitational potential they are highly sensitive to sea-floor topography. This is especially true of turbidity currents, which may even respond to the subtle topography created by pre-existing individual turbidite beds (e.g. Mutti & Sonino, 1981; Mutti et al., 1999; Al Ja'aidi et al., 2004; Deptuck et al., 2008) . The alteration of sea floor topography by mass transport thus affects sediment pathways on the slope, and the distributions of zones of erosion, bypass and deposition from turbidity currents, the latter occurring within relative bathymetric lows or in association with negative gradient changes. Thus the location, nature and geometry of depositional systems dominated by sediment gravity flows, especially turbidite systems, may be profoundly affected by the presence of mass transport deposits or their related slide scars (Brami et al., 2000) . In this paper we describe such MTD-associated turbidite systems in terms of the type of space that they occupy, which is governed by its location and the way in which it was generated.
We also draw attention to the possibility that an MTD may remain active after the first event of emplacement, thus creating a dynamic scenario for turbidity current pathways. Such a process of progressive slumping is known in many subaerial environments, and we suggest it is also evident in deep water environments. In such a case, the stratal architecture of the ponded beds is affected by the continued deformation of the MTD, which may include deformation of the MTD surface, growth strata or semipassive translation on top.
Styles of Accommodation Space
The relative bathymetric lows on and around MTDs constitute accommodation space in the sense that they form available space within which sediment can be deposited (Jervey, 1988) . Accommodation space on the slope has been classified in gross stratigraphic and geometric terms by Prather et al. (1998) . We define accommodation space for turbidite systems at the local scale (i.e. where dominated by a particular set of depositional processes, such as unconfined turbidity currents) as the space between the existing sediment surface (the sea floor) and the equilibrium depositional surface for the processes in question, for example a fan surface or the floor of a submarine channel Kneller, 2003; Smith, 2004) . The gradient of the equilibrium depositional surface is dictated by factors generally grouped under the term 'flow efficiency' (sensu Mutti and Johns, 1978; Mutti, 1979; Mutti et al., 1999;  i.e. flow discharge or thickness and proportion of mud, but also flow density; Al Ja 'aidi et al., 2004) . A similar concept of flow efficiency and graded profiles has been applied also to subaerial fans, where transport efficiency is dictated by the time-averaged discharge flowing to the fan (Milana and Ruzicki, 1999) . The gradient of the equilibrium depositional surface varies from almost horizontal for highly efficient turbidity currents (typically large and/or mud-rich systems), to slopes of several degrees for deposits of highly inefficient flows (typically small and/or sandy systems). This means that accommodation may exist wherever the local slope of the sea-floor is less than the equilibrium depositional slope, even in the absence of three-dimensional topographic enclosure defined by closed bathymetric contours (see, for example, Greene et al., 2006) ; it also means that the amount of accommodation varies with the type (efficiency) of the turbidite system that is filling it, which may also vary through time due to changes in external factors. In Figure 4 we illustrate the main types of MTD-associated accommodation, which are described in the following sections.
Evacuated Slide Scar
The evacuated scar of a submarine landslide provides a relative bathymetric low that can trap sediment and/or funnel sediment-bearing flows. When located on the upper slope it may capture or redirect down-slope sediment pathways (Kertznus, 2009) . The evacuated volume of the slide scar can be up to thousands of km 3 (e.g. Bugge et al., 1988; Garziglia et al., 2008) . Slide-scars tend to have a concave-up profile in the dip direction, and a fairly flat floor in the strike direction, commonly related to detachment along a particular stratigraphic horizon, although the detachment commonly steps from one horizon to
another. This surface is often overlain by a rubbly residuum of failed and attenuated material, in some cases related to retrogressive failure of the headwall scarp (e.g. Bryn et al., 2003) (Fig. 5) . The scar often has a steep headwall and sides, and sometimes a steep down-dip terminus that creates a frontal ramp (e.g. Hampton et al., 1996; Lucente and Pini, 2003) . (Fig. 7) . Turbidite deposition may also be enhanced by flow deceleration associated with the slope break at the base of the headwall scarp.
An ancient example at outcrop may be represented by the Eocene La Jolla Group of Southern California, where an upper slope system has prograded over a surface, cut into older shallow marine and non-marine sediments, that is almost horizontal over seven kilometers of strike extent, representing a putative slide scar (Fig. 8) . Upper slope siltstones apparently form downlapping clinoforms onto this surface, capped by a progradational shallow marine succession (May et al., 1983) .
Slide scars may also capture the downslope drainage in the form of turbidite channels (Winker and Booth, 2000; Loncke et al., 2009; Kertznus, 2009 ). The channel system may be entirely contained within the slide scar, as in the case of the late Pleistocene East Breaks Slide, exposed at the sea floor in the western Gulf of Mexico; the slide scar is some 30 km wide at the head-wall where it cuts the shelf break, and extends more than 50 km down-slope (Fig. 5) . The scar has captured the principal down-slope sediment transport pathways in the form of several channel systems, one of which traverses the entire length of the scar to feed the Colorado Fan (Winker & Booth, 2000) .
Similarly, the late Pleistocene Rosetta Slide, downdip of the modern Nile Delta, cuts the shelf break and has captured the recent downslope sediment transport from the Rosetta branch of the Nile via turbidite channels (Loncke et al., 2009; Kertznus, 2009) (Fig. 6 ).
The Cretaceous Venado Sandstone (Great Valley sequence, northern California)
provides an ancient example of such channel capture within a probable slide scar; this 200 meter thick channel complex rests within a 3 km wide erosional feature with a stratigraphically concordant, flat base against the surrounding Fiske Creek Shale; debris flow deposits form a veneer immediately above this basal surface ( Fig. 9 ), (Lowe, 2004) .
Similarly, within the Eocene Hecho Group of northern Spain, erosional features on the slope containing coarse-grained channel or canyon facies (Mutti et al., 1989; Millington and Clarke, 1995) are interpreted as slide scars that have captured the turbidite drainage down the slope (Fig. 10 ).
The up-dip steep slope of the slide scar also produces an important alteration of the equilibrium profile. As a result erosion is favored in the upper reach of the slide scar, commonly causing gullying, and creating many small-scale transport systems that cause the initial filling of the slide scar by very local sedimentation, as described in seismic sections by Richardson and others (2011) .
The late Pleistocene Einstein channel system in the shallow subsurface of the eastern Gulf of Mexico illustrates channel capture in a smaller scale slide scar further down the slope (Hackbarth & Shew, 1994) . The c. 100 meter deep, 2 km wide scar ( Fig.   11 ) lies down-dip of a swarm of shelf-edge to upper slope gullies that formed during the early part of a sea-level lowstand (Posamentier, 2003; Faulkenberry, 2004) . The gulley most directly up-dip of the slide scar amplified into a slope channel that captured the turbidity currents to become the principal sediment pathway down this part of the slope; the channel subsequently aggraded out of the slide scar confinement, but its position on the slope was nonetheless determined by the location of the slide scar (Faulkenberry, 2004) .
Updip Ponding
The lower end of a slide scar may be partially filled by mass transport deposits derived from the slope failure, or from later retrogressive failures of the slide scar (see for example Amazon Fan mass transport complexes, Piper et al., 1997; Sahara Slide, Simm et al., 1991) . This may result in a local bathymetric low, with or without threedimensional closure, at the trailing edge of the mass transport deposit, which can act as a pond for subsequent sediment gravity flow deposits (Fig. 12 ). Complete threedimensional closure is not a necessary condition for updip ponding, however, since small inefficient turbidite systems may have significant depositional dip (see, for example, Badalini et al., 2000 , Posamentier et al., 2000 Al Ja'aidi et al., 2004) . For ponding to occur, the mass transport deposit need only divert the sediment transport pathway along routes where the sea-floor gradient is less than the depositional dip on an equilibrium profile Kneller, 2003; compare Milana and Ruzicki, 1999) . These updip lows can range up to a few kilometers wide perpendicular to the slope, tens of meters deep, and can be up to many tens of kilometers long, depending on the size of the MTD itself.
The ponded sections may show either onlap or downlap, depending upon orientation. In some cases small-scale depositional sequences (truncation-onlap) can be observed, suggesting that these accommodation ponds could take long time to fill, while the MTD is still moving by creep (see below; Fig. 13 ). Greene et al., (2006) illustrate Holocene examples of up-dip ponding from offshore California with thicknesses of a few tens of meters, dip extents of a few hundreds of meters to a few kilometers, and strike extents of a few kilometers (Fig. 14a ). Large-scale updip ponding has been identified in outcrop (Lucente and Pini, 2003; Dykstra, 2005) , and in seismic data (Fig. 14b) ;
Surface ponding
Mass transport deposits may develop considerable relief on their upper surfaces (e.g. Badalini et al., 2000) . This is a consequence of the existence of a yield strength that allows the deposit to maintain a significant surface slope or rugosity ( Extensional faults within MTDs generate accommodation space on the surface of the MTD on at least two different scales. Individual faults create negative relief immediately overlying the subsided hanging wall block (Martinsen et al., 2000; Edwards, 2000; Fig. 17 ). This creates relatively small amounts of accommodation, on the scale of the fault block, commonly restricted vertically to a few meters or tens of meters, and laterally to a few hundred meters, though in some cases extending for many kilometers (Fig. 17) . Fault arrays that produce widespread thinning above a common decollement, on the other hand, can create large subsided zones on the MTD surface over a much larger area, often several km wide and hundreds of meters thick, grading into the rubbly veneer that covers many slide scars ( Figs 19, 20) . Thrust faults can occur individually, or in arrays. Surface relief generated by thrusts can be tens of meters high, a few km wide and many km long, and cause partial or full closure of many km 3 of space. As with normal faults, the surface topography commonly reflects the orientation of structures within the MTD, which in the case of thrust systems is commonly curvilinear due to heterogeneous shear, with the topography forming downslope-facing arcs (Fig 15) (e.g. Lee at el., 2004; Dykstra et al., 2011 ).
However, much or all of the deformation may be entirely plastic in nature rather than occurring along discrete shear planes. Pressure ridges may form as a result of this plastic behaviour in a similar fashion to other irregular and highly viscous plastic flows, such as certain lava flows or rock glaciers. Much of the upper surface may show roughness generated by drag at the base of the flow, in the form of a series of arcuate pressure ridges sub-parallel to the front of the MTD. If the MTD is emplaced as multiple lobes these pressure ridges may be sinuous. The ridges are separated by troughs whose dimension is in general proportional to the size and thickness of the MTD, so the larger the MTD the thicker could be the sediment fill of the trough.
Styles of Supra-MTD Accommodation
The scale, geometry and interconnectivity of the topography play a large part in determining the nature of any turbidite reservoirs that may be formed by ponding on top of the MTD. Spectral analysis of the surface topography on MTDs at the sea-floor shows dominant topographic wavelengths often in the range of a few hundred meters (Fairweather, 2014; Garyfalou, 2014) , reflecting the dominant length scales of included blocks and the thickness of imbricated slide sheets. However, both smaller and larger scales of topography may be present, related to smaller and larger wavelength structures such as small blocks and local (non-through-going) thrust structures, and at the larger length-scale, imbricate stacks of normal or thrust-bounded fault blocks (Fig. 19) .
The dominant topographic wavelength and amplitude determine the spacing and maximum thickness of isolated ponded or tortuously interconnected sands (sensu Smith, 2004 ) where the topography is not completely buried by turbidites (under-filled case; Fig.   21 ). Where the topography is buried by turbidite deposition (overfilled case), the topographic wavelength determines the form of the base of the reservoir, and perhaps the locations of and the length-scale and depth variation of fluid contacts. These features are scale-dependent since smaller wavelengths of topography may be inundated while larger scales may still create effective confinement.
The nature of the ponded turbidite fill in underfilled cases is likely to be controlled in part by the respective length scales of the topographic relief on the one hand and the thickness and vertical density structure of the turbidity currents on the other (Kneller and McCaffrey, 1999; Kneller and Buckee, 2000; Sequeiros et al., 2010; Meiburg & Kneller, 2010 , and references therein). In the case of flows whose thickness is of the same order as the topographic relief, or less, little overspill may occur, resulting in successive filling of the lows down depositional dip in a fill-and-spill style (Fig. 22) .
Continued infilling leads to the type of tortuously inter-connected bodies described by Smith (2004) ; ultimately the topography is buried by deposition.
Conversely, where flows are large with respect to the topography, they will overrun it. Nonetheless, sand deposition is likely to be restricted to the topographic lows, since deposition from turbidity currents is highly sensitive to topography and gradient changes (e.g. Kneller & McCaffrey, 1995,) . In these situations, much of the flow bypasses from basin to basin, resulting in preferential sand deposition and potentially high net-to-gross in the ponded section (Fig. 22) . Where the flows pass over the topographic highs they may erode the typically muddy material of the MTD and produce horizons of shale clasts within the ponded fill. Filling of these topographic lows may be coeval, even though the resulting deposits may not be physically connected; facies relationships are likely to be complex. Turbidites show changes in the interaction at different topographic scales of infilling, and consequently five units can be identified ( Fig. 26 and caption) each with different filling styles. The units vary in occurrence across the topography and the boundaries between them are deformed producing minor unconformities. Flattening along these unit boundaries provides insight into the chronology of generation of the MTD topography, illustrating that the topography neither formed instantaneously nor remained static, but was generated progressively and heterogeneously over time, contemporaneously with turbidite deposition (Fig. 26) . As the topography became progressively buried by turbidite deposition, the selective trapping of the coarser sediment load by the topographic lows became less effective.
Further evidence of this syn-depositional evolution of the MTD topography is also suggested by seismic examples (Fig. 12 ) in which it can be observed that the lower ponded turbidites are more deformed than the upper ones. This suggest that while some MTDs may be emplaced as a discrete or single event, others may be emplaced episodically, and perhaps others could be entirely emplaced by creep.
Not all scales of MTD topography show the fill-and-spill style that is commonly seen in turbidites in topographically confined settings (Prather et al., 2003; Brunt et al., 2004; Sinclair & Tomasso, 2004) but may exhibit a variety of trends related to turbidity current interaction with topography of varying scale and geometry, as well as possible variations in turbidity current character.
Implications for reservoir
The The geometry and areal extent of many reservoirs will directly mimic that of the immediately underlying MTD-related topography, and so will depend on which of the accommodation styles described above is being filled.
Depositional turbidity currents are extremely sensitive to topography (Kneller & McCaffrey, 1995; Al Ja'aidi et al., 2004) since deceleration of turbidity currents, which triggers deposition, is related to divergence of streamlines, which may be induced by flow deflection around topography, or by gradient changes; Kneller and McCaffrey (1995) show that deposition rate -and therefore deposit thickness -is a function of the topographic curvature, i.e. the first derivative of the gradient. Therefore, in settings where mass failures have created local topography on the seafloor, especially where that topography is complex and widespread (e.g. Fig. 1 ) and leads to flow deflection or changes of gradient in the flow direction, the depositional effect on currents flowing over the seafloor will be considerable. Exactly how these effects will be expressed in terms of deposition, erosion, and final facies and thickness distribution of sediment from turbidity currents will depend largely on (a) the relationship between the scale of the turbidity currents (thickness, stratification, grain-size distribution), and the scale and geometry of the topography on the seafloor; (b) the orientation of MTD-induced bathymetry with respect to the regional slopes; (c) the pathway taken by the turbidity currents over the surface of the MTD; and (d) the ratio between areas with positive potential accommodation space and those without.
As illustrated above, supra-MTD topography may evolve gradually, even when initial emplacement of the deposit was catastrophic (e.g. Bondevik et al., 2005) . This may result in complex internal growth stratigraphy, as illustrated in Figures 12 and 13 . In these cases, accommodation space is therefore created or destroyed after emplacement, and thus, the resulting stratigraphy within ponds will depend also on the rate of creation of accommodation space, and the evolution of the areas of accommodation that is positive (i.e. bumps surrounded by continuous valleys), neutral or negative (i.e. ponds surrounded by continuous ridges). As some MTDs may continue their downslope movement it is likely some sediments will be eroded over developing seafloor highs, as occurs in growth structures. In particular, updip ponded turbidites may have more potential for this further transport and progressive tilting (Fig. 12 ) due to the position near the main detachment (the slide scar). Post-emplacement movements, including compaction, may also be instrumental in trap formation, and in disconnecting originally continuous reservoirs which may nonetheless remain in pressure communication
Conclusions
We have presented some general observations about the role of mass transport deposits in the alteration of accommodation on continental slopes, and their effect on turbidity currents and turbidite reservoir systems. Mass-transport deposits at all scales have an effect on turbidite systems. Large-scale mass-failures may significantly re-mould the seafloor over wide areas, creating conditions that determine a unique distribution of stratigraphic traps on the slope, and the geometry and facies of the reservoirs developed within them. By redistributing large volumes of sediment on the seafloor, mass failures affect turbidity current pathways down the slope, and generate volumetrically significant accommodation within the slide scar, usually accumulating coarser sediments than on the surrounding slope, due to the preferential accumulation of the coarser fractions within local lows. This local accommodation commonly occurs around and on top of the mass transport deposit. The size and geometry of these local lows is generally controlled by the internal structure of the mass-transport deposit itself, but the manner in which they are filled depends on the complex interplay between the topography and the turbidity currents that flow into or over them. Seismic data courtesy of BHP Billiton. Cartoon of the stratigraphy of the La Jolla Group (Eocene) exposed in cliffs at Black's Beach, La Jolla, California (modified from May et al., 1983, and May et al., 1991) ; upper slope clinoforms downlapping a putative slide scar cut into older shelfal sediments.
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